We demonstrated optical amplification in BaYF 5 : 20% Yb 3+ , 2% Er 3+ (BYF) nanocrystals doped polymer waveguide. BYF nanocrystals with an average size of ∼13 nm were synthesized by a high-boiling solvent process. Intense 1.53 m fluorescence was obtained in the nanocrystals under excitation at 980 nm. An optical polymer waveguide was fabricated by using BYF nanocrystals doped SU-8 polymer as the core material. A relative optical gain of ∼10.4 dB at 1525 nm was achieved in a 1.1 cm long waveguide for an input signal power of ∼0.09 mW and a pump power of ∼212 mW.
Introduction
Erbium doped fiber amplifier (EDFA) is considered as the most deployed fiber amplifier as its amplification window coincides with low loss telecommunication windows at 1550 nm. However, EDFAs are incompatible with miniature and integrated optical devices in access and home network applications [1, 2] . Compared to EDFAs, erbium doped waveguide amplifier (EDWA) provides a higher gain in a much smaller size waveguide rather than several meters of fiber and can be integrated with other photonic devices potentially, such as switches, couplers, and splitters [3] [4] [5] [6] [7] [8] . Usually, inorganic host materials are used to fabricate EDWA. However, the use of polymeric hosts in the fabrication of EDWA gives many advantages, including low fabrication costs, simplified processing steps, and compatibility with processing techniques for patterning [8] [9] [10] [11] [12] . In particular, Er 3+ -doped inorganic nanocrystals can be dispersed into polymer matrices and used to construct polymer-based EDWAs [8, 9, 13, 14] solvent process. The photoluminescence spectra were characterized. An optical polymer waveguide was fabricated by using BaYF 5 : Yb 3+ , Er 3+ nanocrystals doped SU-8 polymer as the core layer and PMMA as the coating layer. A relative optical gain of ∼10.4 dB at 1525 nm was achieved in a 1.1 cm long waveguide for an input signal power of ∼0.09 mW and a pump power of ∼212 mW. To the best of our knowledge, such an optical gain is the highest one in polymer-based EDWAs with erbium doped inorganic nanocrystals ever reported.
Results and Discussion
BaYF 5 : Yb 3+ , Er 3+ nanocrystals were synthesized by a highboiling solvent process. 0.5 mmol preprepared rare-earth stearate was added along with 0.5 mmol barium stearate to a 100 mL three neck round-bottom flask containing 5 mL 1-octadecene and 15 mL oleic acid. The solution was stirred magnetically and heated slowly to 100 ∘ C under vacuum for 30 min to remove residual water or oxygen. After 30 min, the reaction was brought under argon atmosphere and cooled to room temperature. A solution of NH 4 F (3 mmol, 111 mg) in 10 mL of methanol was added, and then the solution was kept at 50 ∘ C for 30 min. After methanol was evaporated, the reaction was then heated to 300 ∘ C as soon as possible under an argon atmosphere, kept for 1 h, and then cooled to room temperature. The nanocrystals were precipitated with ethanol, collected after centrifugation, and redispersed in cyclohexane. The phase structure of the products was first examined by X-ray diffraction (XRD) (Model Rigaku Ru200b), using a nickel-filtered Cu K radiation ( = 1.5406Å) in the range of 10 ∘ ≤ 2 ≤ 70 ∘ . Figure 1 ∘ C for 20 min to remove any traces of the solvent. The pattern exposure was performed at a wavelength of 365 nm using the 350 mW Hg lamp power through a contact chromium mask. The exposure time was 180 s. After postbaking, the resist was developed into propylene glycol-monomethyl ether-acetate (PGMEA) for 40 s, rinsed in isopropyl alcohol and then deionized water, and was subsequently blow-dried. A 5 m thick P(MMA-GMA) film is spin-coated as the upper cladding layer. The refractive indices of the core and upper cladding were measured using ellipsometry method (J. A. Woollam., Co. M2000) to be 1.578 and 1.495 at 1535 nm wavelength, respectively. of the waveguide amplifier is 8 m high and 4 m wide. Figure 6 is the output near-field profile from a 16 mm long waveguide at 1535 nm wavelength measured by using an infrared camera (Electrophysics model 7290A). The input signal power is 0.2 mW. The background loss of the waveguide with nanocrystals was also measured by using a cutback method and was about 3.1 dB/cm, which was higher than that (∼1 dB/cm) of the waveguide without nanocrystals.
Then, we constructed a waveguide amplifier and measured their performances. Figure 7 shows the schematics of the experimental setup for the optical gain measurement. Relative gain of the waveguide amplifiers was carried out by using a tunable laser with a working wavelength range of 1510-1590 nm (Santec TSL-210) as the signal source and a 976 nm continuous wave laser diode as the pump source. Both the pump and signal sources were coupled to the channel waveguides through a 980/1550 nm wavelengthdivision multiplexing fiber coupler. Output light from the device was collected and coupled to an optical spectrum analyzer (OSA, Ando AQ-6315A). The relative gain was calculated using the formula 10 log[( out − ASE )/ in ] dB, where out was the output signal power amplified by the waveguide, ASE was the amplified spontaneous emission power, and in was the input signal power. Figure 8 shows the measured gain as a function of pump power at 976 nm in a 16 mm long rectangular waveguide. The gain gradually increases with the increment of pump power. A maximum relative optical gain of ∼10.4 dB at 1525 nm was achieved in a 1.1 cm long waveguide for an input signal power of ∼ 0.09 mW and a pump power of ∼212 mW. Such an optical gain is the highest one in polymer-based EDWAs with erbium doped inorganic nanocrystals ever reported, to the best of our knowledge. The gain coefficient of our device was also calculated based on the above measured results and was about 9.5 dB/cm [17] . Such a value is higher than that in previous published results [8, 15, 16] . We considered that such an improvement compared to previous results was obtained by investigating the trade-off between the luminescence quantum yield and the dispersibility in polymer matrices for the nanocrystals and further solving it with the optimized nanocrystals.
In addition, we measured the long time stability of the device performance under the irradiation of pump laser and found that the gain value was almost kept stable and unchanged for more than two hours. And also, we remeasured the performance of our device after two months since the fabrication of the device. The measured results showed that the optical gain was not changed compared to the previous measured value.
Conclusions
In conclusion, we demonstrated a BaYF 5 : 20% Yb 3+ , 2% Er 3+ (BYF) nanocrystals doped polymer waveguide amplifier. BYF nanocrystals with an average size of ∼13 nm were synthesized by a high-boiling solvent process. An optical polymer waveguide was fabricated by using 
